The prototypical Hydrogen bond in water dimer and Hydrogen bonds in the protonated water dimer, in other small molecules, in water cyclic clusters, and in ice, covering a wide range of bond strengths, are theoretically investigated by first-principles calculations based on the Density Functional Theory, considering a standard Generalized Gradient Approximation functional but also, for the water dimer, hybrid and van-der-Waals corrected functionals. We compute structural, energetic, and electrostatic (induced molecular dipole moments) properties. In particular, Hydrogen bonds are characterized in terms of differential electron densities distributions and profiles, and of the shifts of the centres of Maximally localized Wannier Functions. The information from the latter quantities can be conveyed into a single geometric bonding parameter that appears to be correlated to the Mayer bond order parameter and can be taken as an estimate of the covalent contribution to the Hydrogen bond. By considering the cyclic water hexamer and the hexagonal phase of ice we also elucidate the importance of cooperative/anticooperative effects in Hydrogen-bonding formation.
that is further amplified by considering chains of multiple HBs (as in the cyclic form of the hexamer water cluster) or an extended HB network (as in condensed phases of water, such as hexagonal ice), can be ascribed to σ-bond cooperativity since the charges flow through the X-H σ bonds leading to "polarization-enhanced H bonding", 4 and increased intermolecular orbital interactions.
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A long-standing controversy exists about the theoretical origins of H-bonding, whether primarily due to classical electrostatics (ionic or dipole-dipole forces) or quantum covalency (see, for instance refs. 6-10 and references therein). If the water HB is considered within the context of the complete range of molecular H bonding then it appears most probable that it is not solely electrostatic. 9 A proton NMR resonance experiment 11 confirmed the covalency of HBs in liquid water and theoretical calculations 5 showed that delocalized molecular orbitals exist in water rings. 12 Clearly, the interaction between two nuclei can be considered a true chemical bond only if there is a concentration of electron density around the internuclear
axis. Results from recent theoretical and experimental investigations (in particular with
Atomic Force Microscopy) suggest that the HB has both an electrostatic origin and a partly covalent character. 13 Moreover, extensive investigations based on the "natural bond order"
(NBO) method 8, 14 led to conclude that, although in HBs classical electrostatic effects are undoubtedly present, they seem to play only a secondary role with respect to non-classical resonance effects represented by intermolecular bond order or charge transfer. 8 However, very recent studies cast doubts on the validity of the NBO method to evaluate charge-transfer effects in intermolecular interactions and hence on their predominance in characterizing the HBs. 15 In any case their role in H bonding is probably not less significant than those of polarization and frozen density interactions.
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The prototypical HB in water dimer and HBs in the protonated water dimer, in other small molecules, in water cyclic clusters, and in ice, covering a wide range of bond strengths, are here theoretically investigated by first-principles calculations based on the Density Functional Theory (DFT). We compute structural, energetic, and electrostatic (induced molecular dipole moments) properties, also testing, in the water dimer case, hybrid and van-derWaals corrected functionals. In particular, HBs are characterized in terms of differential electron density distributions and profiles, and of a geometric bonding parameter defined in terms of the positions of the centres of Maximally localized Wannier Functions. This parameter appears to be correlated to the Mayer bond order parameter and the HB strength, and
gives an estimate of the HB covalent character. By considering the cyclic water hexamer and the hexagonal phase of ice we also elucidate the importance of cooperative/anticooperative effects in H-bonding formation.
II. METHOD AND COMPUTATIONAL DETAILS
We perform first-principles calculations within the framework of the DFT. DFT represents the most popular theoretical method to investigate the structural and electronic properties of molecules and condensed matter systems from first principles, however the ability of DFT Obviously, there is a strict relation between the electron density topology and physicalchemical properties and this can also be made more precise and quantitative by referring to the well-known DFT Hohenberg-Kohn theorem, 24 which asserts that the ground-state properties of a system are a consequence of its electron density. Therefore, we expect that, upon bonding, similar electron-charge redistributions basically correspond to the same type of interaction, 25 so that a detailed charge analysis represents a very useful tool for intermolecular-bonding characterization. To evaluate the electron density response due to the bond formation between different fragments we compute the differential charge density, ∆ρ, defined as the difference between the total electron density of the system and the superposition of the densities of the separated fragments (atoms or molecules), keeping the same geometrical structure and atomic positions that these fragments have within the optimized system. This is a meaningful procedure since, for instance, the geometrical distortion of the two water molecules in a water dimer is insignificant. 16 By drawing ∆ρ isosurfaces on a planar plot we highlight the electron charge redistributions related to the HB formation.
Moreover, one-dimensional profiles ∆ρ(z) can also be obtained, which are very effective for describing charge modifications upon H bonding: ∆ρ(z) is computed along an intermolecular z axis, as a function of z values, by integrating ∆ρ over the corresponding, orthogonal
x, y planes.
We also rely on the use of the Maximally-Localized Wannier function (MLWF)
formalism, 26 that allows the total electronic density to be partitioned, in a chemically transparent and unambiguous way, into individual fragment contributions. The MLWFs, {w n (r)}, are generated by performing a unitary transformation in the subspace of the occupied KohnSham orbitals, obtained by a standard DFT calculation, so as to minimize the total spread:
Besides its spread, S n , each MLWF is characterized also by its Wannier-function center (WFC), defined as the center of mass of the (square modulus) Wannier function. Note that, if spin degeneracy is exploited, every MLWF corresponds to 2 paired electrons. Knowledge of WFC positions also allows to estimate molecular dipole moments, 27 and the MLWFs can be even used to include vdW interactions in DFT.
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Calculations have been performed mostly with the Quantum-ESPRESSO ab initio package 29 and the MLWFs have been generated as a post-processing calculation using the WanT package. 30 For our calculations on molecules and clusters we have adopted a periodically-repeated, simple cubic supercell, with a side of 16Å, in such a way to make the interactions among periodic replicas negligible. Electron-ion interactions were described using ultrasoft pseudopotentials and the sampling of the Brillouin Zone was limited to the Γ-point. Instead for ice in the hexagonal phase we used an hexagonal supercell containing 12 water molecules at experimental density and with a 2 × 2 × 2 k-point sampling of the Brillouin Zone.
III. RESULTS AND DISCUSSION

A. Water dimer
As can be seen looking at Fig. 1 and 2 , showing the differential electron charge density, ∆ρ, plotted on a 2D plane and integrated over x, y planes orthogonal to the intermolecular O-O z axis (∆ρ(z) function), respectively, there is no overall electron-charge accumulation between the two O atoms of the water dimer in the optimal, linear HB configuration. Actually, one can only observe (see notation defined in Fig. 3 
. From these considerations we expect that our analysis on redistributions of the electronic charge, at the PBE level, is meaningful for a proper description of realistic H-bonded systems (particularly for water).
In Fig. 4 we report plots of ∆ρ(z) for the water dimer, obtained by DFT functionals different from PBE: vdW-DF-cx, 36, 37 which is one of the most recent versions of the vdW-DF family where vdW effects (not properly described by GGA functionals) are included by introducing DFT nonlocal correlation functionals, and PBE0 38 and B3LYP, 39 which are hybrid functionals where a given fraction of exact exchange is combined with the PBE or BLYP GGA functional, respectively: PBE0 is particularly accurate in describing H-bonding in water clusters, 5 while B3LYP provides a better description of exchange in the intermolecular region than DFT approaches based on the GGA. 40 As can be seen, differential density profiles generated by these alternative functionals are very close to that obtained by PBE, so that also the amounts of the electronic charge redistributions are quite similar, thus showing that, for this system, vdW effects or inclusion or a fraction of exact exchange are not essential and PBE performs quite well, thus further confirming the previous considerations. The small impact of vdW interactions in moderate intermolecular HBs have been also recently reported.
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As a result of the electron-charge redistribution and polarization effects described above, the dipole moments of the acceptor and donor water molecules (estimated following ref. 27) are changed with respect to that of the single water molecule (induced dipole moments); moreover the dipole moment is slightly larger (2.18 D) for the acceptor molecule than for the donor one (2.00 D), the dipole moment of the isolated water molecule being 1.86 D.
In particular, the larger dipole moment of the acceptor molecule originates from the small charge extrusion from O a towards the H atom of the donor molecule (see Fig. 1 ). In summary, for the water dimer the nature of the HB can be characterized in terms of quantum effects associated to redistribution rather than transfer of electronic charge, in line with the conclusions of previous studies (see, for instance ref. 31): in fact a quantum description is required to describe the small deformations of the electron distributions of the water monomers when they interact, however the scenario is clearly different from that of a typical covalent bonds. In view of the above considerations, the success of semiempirical (often non-polarizable) models in reproducing many of the properties of water, that are obviously unable to properly describe charge-transfer and quantum-mechanical effects, appears to be to some extent fortuitous. 32 A partial explanation for the good performances of these models, despite the importance of charge transfer for the dimer, could be ascribed 32 to the fact that charge transfer occurs for the H-bonded water dimer because there is an evident asymmetry between the two molecules as one donates and one accepts a HB, while in the condensed phases each molecule is in a more symmetric local environment. 32 However, if symmetry is broken, for instance by the addition of a solute or the creation of an interface, then charge transfer would probably become more important and semiempirical models less reliable.
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For the sake of completeness, we should point out that water models exist (see, for instance, would make the HB more covalent in character, 31 while the covalent contribution and chargetransfer effects should be negligible at distances significantly larger than equilibrium. 32 As can be seen, between O a and the H atom involved in the H-bonding (that is in the HB region), at short water-water distance there is a more pronounced ∆ρ(z) depletion than at equilibrium distance, which does not support a H-bonding description in terms of covalent character but instead mainly a polarization mechanism, that is a process of separating opposite charges within the system; at the same time, more significant density accumulation takes place between H and O d (that is in the covalent bond region) and in the region above O d , while more pronounced density depletion is observed below O a . Instead, at long waterwater distance, in all the regions ∆ρ(z) is always quite reduced (note that, also in this case vdW effects do not seem to play a key role since replacing the PBE functional with vdW-DF-cx does not lead to significant changes).
B. Water hexamer, ice, and cooperativity
A special feature of the HB is its cooperativity, i.e., the fact that the local HB strength is influenced by the neighboring water molecules as a consequence of 3-body effects. 42 In particular, a water molecule with 2 HBs whereit acts as both donor and acceptor is somewhat stabilized relative to one where it is either the donor or acceptor of 2 HBs, 9 so that, for As can be seen, in the two water-hexamer cases the ∆ρ distribution looks quite different:
in Fig. 6 , for a given pair of water molecules, it resembles that of the water dimer shown HB cooperativity also leads to a significant enhancement of the water-molecule dipole moments as a consequence of polarization effects; in fact, the average dipole-moment values are 2.09, 3.05, 2.31 D for the dimer, the homodromic hexamer and the antidromic hexamer, respectively (we remember that the dipole moment of the isolated water molecule is 1.86 D). Hence, in the homodromic hexamer there is a dipole increase of almost 50% with respect to the dimer case (and of more than 60% with respect to the isolated water molecule), while in the antidromic case the dipole increase is considerably reduced (about 10%). These findings on cyclic water structures are important also because the exploration of structural and bonding properties of small water clusters provides a key for understanding anomalous properties of water in the liquid and solid phases.
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We have also investigated the case of ice in the standard hexagonal phase, where, in the ideal structure, all the HBs are characterized by MOH = 2, thus suggesting again substantial cooperative effects. As can be seen in Fig. 8 Although the two different configurations are almost isoenergetic, their differential electron charge densities (see Figs. 9 and 10) and ∆ρ(z) profiles (shown in Fig. 11 , where also the dimer curve is reported for comparison) look quite different: in fact, the curve of WFCs. These WFCs are tetrahedrally oriented, and two of them describe the lone-pair orbitals while the other two represent covalent-bond orbitals (see Fig. 3 ). 27 We also point out that, particularly in weak and moderate HBs, the MLWF spreads are hardly affected by bonding, which represents a justification to focus on WFCs positions only: in fact, in the case of the water dimer, the spread of the MLWF involved in the HB is changed by only 0.3% from the value of the corresponding, lone-pair MLWF of the isolated water molecule, and, even in hexagonal ice, the variation is smaller than 3%.
By considering, as the reference system, always the water dimer investigated above (the generalization to other H-bonded systems is easy) and referring to the schematic, explanatory Fig. 3 , in order to characterize the HB between O a and H, we propose the following definition for the CCP parameter:
where l and l 0 denote the distances of the W l WFC from O a in the H-bonded system and in the isolated water molecule, respectively, and
O a and H.
Note that, on the basis of the density-differential analysis reported above, we expect that W l is pulled out due to the formation of the HB, so that l > l 0 (the same behavior is also observed in liquid water 27 ). Basically, according to this definition, CCP varies from 0 to 1:
in the limiting cases, CCP= 0 (zero covalent contribution) if l = l 0 , that is the distance of W l from O a is not changed upon bonding, while CCP= 1 (100% covalent contribution) if l = d m , so that W l , which indicates the center-of-mass position of the interfragment electron charge, is precisely located at the geometric (midpoint) bond center, as, for instance, in the H dimer, H 2 . Therefore our CCP represents indeed a simple estimate of the HB covalent character, although it should be pointed out that a unique and commonly accepted definition of covalent contribution in a HB is still missing, so that the HB covalency of water dimer has been given different weights, depending on the different theoretical frameworks and definitions adopted (see, for instance ref. 10 and references therein).
In Table I we report the CCP values for different systems (including those discussed above) covering a wide range of bond strengths, together with the corresponding MBO parameter, the HB energy, E b , and bond length, d b . As far as the water dimer is concerned, at the equilibrium distance CCP=0.02, so that the covalent contribution (2.0 %) turns out to be rather small; it is much smaller (essentially negligible) in the less favored, cyclic and bifurcated water-dimer conformations, and when the intermolecular distance is longer (O a -O d separation=4.0Å) than the equilibrium one. Interestingly, the 4.0Å distance has been indicated in the literature as the cutoff distance when any covalent contribution vanishes.
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In line with the differential-density analysis reported above, even at intermolecular distance shorter (O a -O d separation=2.5Å) than the equilibrium one, the covalent contribution is not much increased (2.5 %). Even for the HB in the methane-water compound (CH 4 -H 2 O ) covalency appears to be marginal. As expected, for the cyclic water hexamer in the homodromic configuration, the CCP value (averaged over the 6 HBs) is much larger than the corresponding values both for the antidromic structure and for the water dimer, thus showing that in this case the covalent contribution is much more pronounced, again in agreement with the behavior of the differential-density profiles and with the cooperative effects discussed above. CCP for ice in the hexagonal phase is comparable to that of the cyclic water hexamer in the homodromic configuration. of the water dimer), lead us to conclude that these complexes certainly possess substantial covalent character; in fact, they are sometimes considered as a chemically bound species.
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Note that, for the Zundel cation H 2 O-H + -H 2 O, CCP=0.357, thus confirming the pronounced covalency of this system, as also discussed in the previous subsection.
Data in Table I clearly show that there is a high correlation among the listed quantities.
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